Although attention on crayfish diseases has recently proliferated, the focus is mainly on a single host-parasite relationship rather than analyzing the entire mycoflora, probably due to the fact that (1) 
INTRODUCTION
Disturbance to ecosystems due to non-indigenous species represents today a well-known biological phenomenon. Alien species may change the native community structure (Keith, and Allardi 1997) , alter the relation-ships for both trophic and spatial resources (Leveque 1997) , and often carry pests and pathogens (Blanc 1997; Lodge et al. 2000) . Among animals, attention is focused on alien crayfish, the most commonly introduced species worldwide (see Holdich et al. 2010) , and on the potential disease agents they carry, mainly referring to the fungus-like Aphanomyces astaci Schikora, 1922 (Diéguez-Uribeondo, and Söderhäll 1993) . The latter, recorded in Europe since 1860 (Vogt 1999) , is responsible for numerous outbreaks of the so-called crayfish plague. From there, it had a dramatic impact on the European native crayfish populations, and its relevance has led to extensive research focused on crayfish pathology in the last 25 years (see Alderman et al. 1987; Diéguez-Uribeondo, and Söderhäll 1993; Edgerton 2002a, b; Diéguez-Uribeondo et al. 2007; Diéguez-Uribeondo 2009; Kozubíková et al. 2010) . The pathogen introduction is one of the reasons why invasive crayfish are responsible for decline or extinction of nearly one third of the world's crayfish populations (Taylor 2002) . Furthermore, even human health can be threatened by cray-fish parasites, such as the case of the waterborne out-break of an ulceroglandular tularemia (due to Francisella tularensis biovar palaearctica) associated with the red-swamp cray-fish Procambarus clarkii (Girard 1852) fishing (Anda et al. 2001) . Although the importance on crayfish diseases has recently proliferated (Hirsch et al. 2008; Diéguez-Uribeondo 2009) , it seems more important focusing studies on a single host-parasite relationship rather than analyzing the entire mycoflora living on the exoskeleton. The absence of detailed studies on the entire ecto-symbiontic mycoflora is probably due to the fact that (1) some diseases are occasional (pathogens of which are of difficult collection), and (2) economic impact is more relevant in cray-fish farming (see Carral et al. 2009 ) where less parasites occur than in natural populations (Diéguez-Uribeondo 2009) .
Pathogen pollution (sensu Cunningham et al. 2003) can amplify the detrimental effect of endemic pathogens (Kelly et al. 2009 ) in some cases reducing local biodiversity by eliminating populations of host species (Preston, and Johnson 2010) . In addition, this effect can be particularly pronounced when hosts are keystone or dominant species with important functions in an ecosystem (Preston, and Johnson 2010), such as crayfish. The latter are the largest and long-lived invertebrates in temperate areas (see Scalici et al. , 2009 , playing a major role in the community structure (Usio, and Townsend 2004) , being keystone consumers (e.g., Whitledge, and Rabeni 1997; Scalici, and Gibertini 2007) and prey of several vertebrates (e.g., Blake 1995; Slater, and Rayner 1993; Rodríguez et al. 2005) .
To date, attempts for studying crayfish pathogens are mainly concentrated on single species, and studies on the mycoflora assemblage seem to be restricted to decomposers. Freshwater fungi have an important position in inland water ecosystems due to their role in decomposition and as nutritional resource to animals in food webs (Ho et al. 2001; Cai et al. 2006) . Until today, documentation of changes in fungal community represents a challenging research project little attempted (see Hu et al. 2010) . Even if fungal ectoparasite assemblage seems to receive little attention in scientific studies, these associations assume a great importance since they are fundamental components in shaping community, ecosystem structure and energy flow (Mitchell 2003; Kuris et al. 2008 ).
Here we describe the co-occurrence patterns of ectoparasite fungi in terms of segregation and/or aggregation. We used a null model approach (see Gotelli 2000) to compare occurrence frequencies of parasites through host individuals with those expected by chance, although it cannot indicate the mechanism responsible for non-randomness (Rohde 2005) . Although some aspects of the algorithms suggested by Gotelli, and Entsminger (2009) and Gotelli (2000) have been criticized (Sanderson 2000; Hausdorf, and Hennig 2007) , their good statistical properties have been demonstrated (Gotelli 2000; Gotelli, and McCabe 2002) , leading to a substantial increase in parasite community studies in the last decade (see Poulin 2007) .
Our study is aimed to describe eventual potential interactions among fungal species carried by crayfish, and here we report the results of a mycological investigation on P. clarkii captured in the Lake Trasimeno (Central Italy), where this species acclimated about ten years ago (Dörr et al. 2001 (Dörr et al. , 2006 . In this context, the use of a nonindigenous species such as the red swamp crayfish has the advantage to observe phenomena of either segregation (interpreted as the result of a competitive exclusion among species) or aggregation (interpreted as mutualism) between fungi colonizing the cray-fish exoskeleton. If species co-occur less frequently than expected by chance the assemblage is structured segregatively, mainly due to competition or different micro-habitat preferences. When species co-occur more often than expected by chance the assemblage is structured aggregatively, throughout interspecific facilitation or shared preferences (Krasnov et al. 2006) . We compared frequencies of co-occurrences of parasite species or genera across host individuals (i.e., "sites") with those expected by chance, i.e. derived from randomly assembled species by site matrices.
Following the hypothesis of Gothelli, and Rhode (2002) and Rohde (2005) , non-randomness in organization of a parasite community is related to the level of vagility of their hosts: animals with little vagility and/or small individual or population size live in largely empty niche space and are less subject to structuring mechanisms (competition, facilitation, heterogeneity in infection) than animals that are large or live in large populations with much vagility and are closer to saturation (Rohde 1980) . Due to the high mobility of P. clarkii, a non random pattern in the distribution of fungal ecto-symbionts is expected.
MATERIALS AND METHODS
We analyzed the fungal species occurrence on a total of 86 host crayfish monthly collected from June 2007 to June 2008 in Lake Trasimeno (central Italy). Specimens were sexed, measured and brought immediately to the laboratory. Ectoparasite fungal taxa were identified processing three exoskeletal portions per specimen according to the Alderman, and Polglase (1986) protocol, favourable to the growth of both pathogens and saprophytes fungi which feed on crayfish. In particular, three 2-5 mm2 samples were removed from abdominal tergitae (AbT), sternitae (AbS) and pleopodal coxae (PlC). Cuticle portions were placed on Petri plates containing the medium GOYA (Glucose Oxolynic Yeast extract Agar, medium composition: 12 g agar, 1 g yeast extract, 5 g glucose, 10 mg oxolynic acid and 1000 mL distilled water). Samples were then incubated at 25°C and weekly observed by means of stereomicroscope (50¥) up to 4 weeks. Each microfungal structure was directly identified or transferred to an ap-propriate medium for identification. Using the generic medium PDA (Potato Dextrose Agar, medium composition: 200 g potato, 20 g dextrose, 15 g agar and 1000 mL distilled water) for microfungi, all microfungal strains were finally collected as pure cultures.
The collected sample was composed only by adult crayfish, depending on the cephalothorax length (see Scalici, and Gherardi 2007) . Hosts were divided per sex, size, body parts (AbT, AbS, PlC), and season (spring, summer, autumn, and winter) analyzing a total of 108 matrices, in order to observe whether the latter variables can affect the fungal assemblage. As size depends on cephalothorax length (CL), we used five size classes at an interval of 5 mm CL, according to Scalici et al. (2009): 30<CL<34mm; 35<CL<39mm; 40<CL<44mm; 45<CL< 49mm; CL>50mm) .
To perform the null model approach, data were organized in a presence-absence (1-0) matrix, fundamental in ecological and biogeographic studies (McCoy, and Heck 1987) , where each row represents a crayfish whilst each column a parasite species. Using presence-absence data provides less uncertainty in measuring occurrence rather than in measuring abundance, and does not mask non-random community patterns (see Haukisalmi, and Henttonen 1993) .
We applied two indices to quantify patterns of mycoflora community structure: the C-score (Stone, and Roberts 1990 ) and the variance ratio (V-ratio; Schluter 1984) . Each index is a single number that measures patterns for an entire presence/absence matrix. We used both indices based on two different matrix structures (namely average co-occurrence and average covariance, respectively) because they have shown to be statistically powerful and robust to minor changes in community structure (Gotelli 2000) . Details of statistical properties and performance of the metrics can be found in Gotelli, and Rohde (2002) , Krasnov et al. (2006 Krasnov et al. ( , 2010 , and references therein. Briefly, the C-score quantifies the degree of species co-occurrence and is calculated as the average number of checkerboard units that are found for each pair of species. The V-ratio is the ratio between the variance in species richness and the sum of the variance in species occurrence. When the value of the ratio equals 1 species are distributed independently. It is smaller or greater than 1 in the case of negative or positive covariance between species pairs, respectively (Gotelli 2000) . The latter metric was calculated both including and excluding the uninfested crayfish (empty sites; WI=with empty sites; WO=without empty sites). For each matrix we contrasted the observed index (O) with that simulated by 3¥10 4 random Monte Carlo permutations [i.e., expected (E) by chance] in EcoSim 7.0 (Gotelli, and Entsminger 2001) . This number of permutations ensures that algorithm biases are avoided (Lehsten, and Harmand 2006) . A C-score value smaller than expected by chance (O<E) means aggregation of parasite taxa. In this case we expect that the species combinations and V-ratio are larger than expected by chance (O>E). On the contrary, when fungal species show segregation, we expect the C-score to be larger and the V-ratio to be smaller than expected by chance (O>E), (Gotelli, and Rohde 2002) . Non-random differences were assumed when P O≥E or P O<E≤0.05 (Gotelli, and Graves 1996) . We used two null algorithms for each comparison: fixed-fixed (ff) and fixed-equiprobable (fe). The ff algorithm maintains the differences among hosts in the number of parasite species. This model cannot be used for V-ratio because the latter is determined by marginal totals of the matrix rather than by species co-occurrence pattern (Gotelli 2000) . Differently, the fe algorithm does not constrain the number of species that can be harbored by a host. This last model suggests no differences in the probability to support a particular number of fungal species amongst host individuals.
RESULTS
A total of 29 filamentous fungal taxa were detected (Fig. 1 ). Yeasts were also recorded. Taxa showed a particular fungal assemblage with a great species variation depending on sampling month and crayfish sex, size, and body region. In particular, fungal species showed different occurrence patterns in both richness and segregation/aggregation.
Examples of the fungal species occurrence are given here. Some species occurred only on a particular body region such as Aspergillus niger recorded on the abdominal tergitae, while others on the entire abdomen of one sex, like Fusarium proliferatum recorded only on females. We observed both abundant (Phoma glomerata) and very rare species (Acremonium chrysogenum on female pleopodal coxae in November 2007, and on male abdominal tergitae in June 2008). Moreover, there were species co-occurring in both sexes (such as Fusarium verticillioides in AbT and PlC in January 2008) and segregated species. Segregations may depend on body region (such as Aspergillus niger in abdominal tergitae vs Graphium sp. in pleopodal coxae in October 2007 on females) and sampling month (such as Cladosporium cladosporioides and Clonostachys rosea never co-occurring on males).
We observed a general accordance with the V-ratio results when uninfested hosts were included or excluded from the analyses, while considering the C-score non-random community structures were evidenced mainly by the fe model (i.e., among hosts no differences for the number of fungal species carried on the exoskeleton). The C-score and V-ratio values are reported in the Tabs 1 and 2. Both indices are calculated with the ff (among hosts, differences for the number of parasite species) and fe (among hosts, no differences for the number of fungal species carried on the exoskeleton) null model algorithms, and including and excluding the uninfested crayfish, respectively. Overall our results indicate that the fungal community is non-randomly structured, with the majority of tests indicating segregation, not aggregation of parasite species on hosts. Considering the overall dataset, in the fe model the Cscore showed that there is much less co-occurrence in the fungal matrix than expected by chance (P (O>E)<0.05), and this is confirmed by the V-ratio tests both including and excluding empty sites (P (O<E) <0.05). This competitive structure was evidenced by the C-score also considering separately male and female hosts, while the V-ratio metric evidenced only a non-random structure in communities living on female crayfish.
We detected temporal differences in fungal co-occurrences patterns: competitive structure was evidenced by the fe model mainly during spring considering the "all body community" (both by C-score and V-ratio metrics). Notably, C-score results from the ff model algorithm evidenced a structured community only in the samples collected in autumn (P (O<E)<0.05) and winter (P (O>E)<0.05). If we consider the parasites sub-communities of different crayfish body regions, regardless of host CL, both C-score (with ff and fe algorithm) and V-ratio (with WI and WO) indicated species segregation for abdominal tergitae, pleopodal coxae, while no significant differences were detected for the body region abdominal sternitae. Regarding seasonal samples, the same analyses showed a competitive structure only in the sub-communities found on pleopodal coxae. In addition, analyses considering crayfish dimension evidenced non-random co-occurrence patterns only in crayfish hosts with a cephalothorax length larger than 45 mm.
DISCUSSION
The results of the present study highlight two particular aspects until today poorly treated: 1) the co-occurrence pattern of the freshwater ectoparasite fungal species (with relevant effects in the field of ecology and farming); 2) the use of introduced species to observe colonization dynamics (of fungal species in this study) in a new habitat. Concerning the latter point, two different types of colonization emerged: 1) the case of Fusarium spp. on P. clarkii, a new "microfungus-crayfish", interaction never detected before; 2) the fungal species introduction in a new environment, such as P. glomerata in Lake Trasimeno (see Dörr et al. 2011 ). The Fusarium-P. clarkii interaction deserves special attention and the concrete possibility of a negative impact related to the spread of the fungus really may exist. Due to its ability to grow on a wide range of substrates and its efficient mechanisms for dispersal (Burgess 1981) , Fusarium shows a widespread distribution and a relevant role in nature. It can be also the origin of a huge variety of diseases on a wide range of hosts, being one of the most damaging plant pathogen, a toxin producer and one of the emerging causes of opportunistic mycoses to animal and human. To this regard, as reviewed by Jain et al. (2011) , up to now 15 species of Fusarium have been reported as etiological agents of infection, always originated from animal or plant source in nature. In Italy, the number of disseminated infections has greatly increased and F. oxysporum and F. verticillioides, species detected in our survey, result among the most prevalent species involved in human mycoses (Tortorano et al. 2008) .
Although investigations on the mycoflora community have already been conducted in the past, studies on fresh- water ectoparasite mycoflora were not exhaustively treated, to the best of our knowledge. In our study, segregation was interpreted as the result of competitive exclusion among species, while aggregation as the effect of mutualism. Such a community is expected to display positive co-occurrence and be aggregatively structured (Diamond 1975; Gotelli, and Rohde 2002) . If species in a community co-occur less frequently than expected by chance, this may be due to interspecific competition (Diamond 1975) or differential preferences (Pielou, and Pielou 1968) . Such a community is expected to display negative co-occurrence and be segregatively structured (Diamond 1975; Gotelli, and Rohde 2002) . In particular, potential mechanisms producing a pattern can be inferred only after establishment of whether empirical pattern deviates from those expected under random processes (Connor, and Simberloff 1979; Hausdorf, and Hennig 2007) .
The non-random pattern of fungal co-occurrence found in some cases in this study suggests that some temporally or spatially variable factors are responsible for the expression of community structure. Although interspecific competition is important in several parasite assemblages, our null model analyses reinforce the idea that the crayfish mycoflora assemblage seemed unstructured by species interactions (species always segregate avoiding direct interactions). In fact, results of this study demonstrated that (a) fungal assemblages on crayfish hosts were structured at some times, whereas they appeared to be randomly assembled at other times, and (b) whenever non-randomness of fungal co-occurrences was detected, it suggested segregation. Additionally, most parasite species occurred in a few host individuals, while most hosts had only a few parasites.
Our results showed fluctuating fungal colonization depending on season, and crayfish size and sex. In particular, in all the significant cases fungal species appeared to show segregation. The fungal species segregation due to crayfish size and sex may rise from the different exoskeleTab. 1. Summary of the null model analyses of fungal species co-occurrence through seasons for the entire host assemblage and both sexes using ff and fe null model algorithms: O<E=number of samples for which the observed value of the index was significantly less than expected by chance (P<0.05); O>E=number of samples for which the observed value of the index was significantly greater than the expected by chance (P<0.05). Significant probably values are reported in italics and bold. Crayfish number are reported in parentheses. Acronyms in alphabetical order: A=aggregation; E=expected; fe=fixed-equiprobable algorithm; ff=fixed-fixed algorithm; O=ob-served; S=segregation; WI=with empty sites; WO=without empty sites.
total body abdominal tergitae pleopodal coxae total tot (87) f (47) m (40) tot (87) f (47) m (40) tot (87) f (47) (27) f (16) m (11) tot (27) f (16) m (11) tot (27) f (16) (9) f (4) m (5) tot (9) f (4) m (5) tot (9) f (4) (8) tot (16) f (8) m (8) tot (16) f (8) m (8) (87) f (47) m (40) tot (87) f (47) m (40) tot (87) f (47) ton composition between sexes and size classes (although ontogenetic variation in the exo-skeleton composition was never detected before), while the fungal segregation due to season may rise either from chorology of each fungal species or from chance, beyond the competitive aspects. However, synergy between both previous cited phenomena cannot be excluded. A particular result rises from the affinity of some species for a particular body region. The most evident result is the absence of non-random fungal assemblage in the abdominal sternitae, while the remanent two investigated body regions seemed to show alternatively random and non-random assemblages. Moreover, some species occurring on the abdominal part, singularly colonized the pleo-podal coxae but not the abdominal sternitae.
The fact that fungal species were consistently segregated (and not aggregated) on their hosts seems to support the conclusions that changes in fungal assemblage during the study period are dominated by negative interspecific interactions, showing competitively structured parasite communities just previously described for other taxa (in example Patrick 1991; Combes 2001) .
A reason for the observed consistency in the pattern of community organization among parasites may be due to differences in various life history traits of taxa as well as among hosts harboring them (Gotelli, and McCabe 2002; Rohde 2005 ). An explanation of the observed pattern in the fungal co-occurrence may regard the heterogeneity of spatial behavior of host individuals. The increase of density in crayfish populations often results in a surplus of dispersing individuals that do not possess permanent burrows (Gherardi 2002) . Procambarus clarkii can also walk up to 4 km per day on land , and consequently the possibility of spreading diseases by this species could be an additional negative element linked to its presence on the territory. This host heterogeneity can also be explained by the tendency of the fungal communities structure to be expressed better under high host population density, since the number of dispersing hosts increases with population growth (although data on this topic are lacking in literature). Additionally, effects of host's vagility on the non-randomness Tab. 2. Summary of the null model analyses for fungal species co-occurrence among size classes (obtained using 5 mm intervals of the cephalothorax length) for the entire host assemblage and both sexes using ff and fe null model algorithms: O<E=number of samples for which the observed value of the index was significantly less than the expected by chance (P< 0.05); O>E=number of samples for which the observed value of the index was significantly greater than the expected by chance (P<0.05). Significant probably values are reported in italics and bold. Between parentheses the crayfish number used in the analysis. Acronyms in alphabetical order: AbT=abdominal tergitae ; CTL=cephalothorax length; E=expected; fe=fixed-equiprobable algorithm; ff=fixed-fixed algorithm; O=observed; PlC=pleopodal coxae; S=segregation; WI=with empty sites; WO=without empty sites.
45<CTL<49 CTL>50
total body tot (17) f (10) m (7) tot (42) f (21) of ectosymbiontic communities may be due also to the occurrence of temporary ectosymbionts, such as Chaetomella raphigera, Paecilomyces lilacinus and Trichoderma spp. collected in the present study. In fact, studying blood-sucking insects, Lehane (2005) stated that temporary parasites are free-living organisms which visit the host for a time enough to refresh oneself (e.g., ixodid ticks and mosquitoes), while periodic ectoparasites spend a longer time than is required both on hosts to eat and also off-host (e.g., most fleas and mesostigmate mites). Being the parasite vagility mediated by the dispersal capability of host species, temporary ectoparasites can be considered more vagile than periodic ectoparasites. If hosts are highly mobile, chances for ectoparasite exchange between individuals are high, making the expected non-randomness easily found in communities of temporary ectoparasites rather than in those of periodic ectoparasites (Lehane 2005) .
CONCLUSIONS
These analyses revealed little evidences for non-random community patterns, reinforcing the authors idea that these parasites live in largely structured assemblages. A variety of patterns of non-randomness has been suggested (Diamond 1975; Hanski 1982; Patterson, and Atmar 1986; Fox, and Brown 1993) . The relationship between population size and the detection of non-randomness in these communities suggests that community structure can vary temporally due to temporally variable population size (Vidal-Martinez, and Poulin 2003) . Conclusions expressed above suggest that there is potential for further investigations in this field, when taking into account the immune defense of freshwater crayfish as well as the interaction between endo-and ectoparasites colonizing them.
